Ab initio density functional theory, using the B3LYP hybrid functional with all-electron basis sets, has been applied to the adsorption of H on the (0 0 0 1) surface of wurtzite GaN. For bulk GaN, good agreement is obtained with photoemission and X-ray emission data for the valence band and for the Ga 3d and N 2s shallow core levels. A band gap of E g = 4.14 eV is computed vs the experimental value (at 0 K) of 3.50 eV. A simple model, consisting of a (2 · 2) structure with 3/4-monolayer (ML) of adsorbed H, is found to yield a density of states in poor agreement with photoemission data for H adsorbed on surfaces prepared by ion bombardment and annealing. A new model, consisting of co-adsorbed Ga (1/4 ML) and H (1/2 ML), is proposed to account for these data.
Introduction
The chemisorption of H on GaN surfaces is a key aspect of this technologically important material. The stability of GaN at high temperature is strongly affected by the presence of H 2 in the ambient [1] which, in turn, influences the quality of material grown by metalorganic chemical vapor deposition (MOCVD). Also, H remaining from MOCVD growth and trapped in the bulk, as well as at grain boundaries and interfaces, affects the performance of GaN-based electronic devices [2] .
Adsorbed H is also of fundamental interest for several reasons. The ideal Ga-polar (0 0 0 1) and Npolar (0 0 0 1) surfaces are terminated in a lattice plane of Ga or N, respectively. On such surfaces, Ga (N) atoms have an electron population of 3/4 jej (5/4 jej) localized in dangling orbitals which would make these surfaces metallic. On either surface, adsorption of H H = 0.75 monolayers (MLÕs) of H in a (2 · 2) surface unit cell (where H ''electron-counting rule'' [3] . This rule requires, for a stable surface, that all bonding orbitals and N dangling orbitals be doubly-occupied and that all Ga dangling orbitals be empty. On the Ga-polar face for example, the three unpaired Ga electrons per (2 · 2) unit cell combine with the three electrons on the H atoms to form three Ga-H bonding orbitals. This structure, henceforth termed ''(2 · 2)H'', leaves the dangling orbital on the fourth surface Ga atom empty and renders the surface semiconducting as observed experimentally (see below). Other stabilization mechanisms (e.g., vacancies or adsorbed Ga or N) are also possible as discussed in recent reviews [4, 5] . Several theoretical studies [3] [4] [5] [6] [7] [8] [9] [10] [11] of H adsorption on polar GaN surfaces have been performed, and most conclude that the (2 · 2)H structure is the most stable configuration except under growth conditions [3, 11] involving a high pressure of H 2 . However, to our knowledge the simple (2 · 2)H structure has not yet been observed experimentally. A conceptual difficulty with the observation of this structure lies in how one would stabilize the bare surface, in the experimentally-observed semiconducting state, before adsorption (or after desorption) of H.
A significant body of experimental data exists for the adsorption of H on GaN surfaces; although, a complete model has not yet been presented. Several groups have studied the vibrational spectrum [12] [13] [14] [15] [16] [17] , using high-resolution electron energy loss spectroscopy (HREELS), or the temperature-programmed desorption (TPD) [18] [19] [20] [21] of adsorbed H. Others have reported electron energy loss (ELS) [22] or ultraviolet photoemission spectroscopy (UPS) [23] [24] [25] [26] data showing Hinduced structure, which is difficult to interpret without reference to a theoretical model. The HREELS and TPD studies find no surface H prior to chemisorption; although, effusion of H from the bulk of MOCVD material can be detected [18] at high temperature. Furthermore, UPS data show that adsorption of H on the clean surface removes surface states, which indicates that such surfaces are not already saturated with adsorbed H. On the other hand, ion scattering spectroscopy (ISS) studies [27, 28] of the N-polar surface detect about 0.75 ML of H, even on surfaces not intentionally exposed to H atoms. The surface H is thought to arise by out-diffusion, during high-temperature annealing, of bulk H retained from MOCVD growth. It has been shown [29] that the release of H from the bulk of Mg-doped (p-type) GaN is rate-limited by the recombinative desorption of H 2 at the surface, rather than by bulk diffusion of H atoms, and that the surface coverage is low under desorption conditions.
It has been found [30] [31] [32] that, for low-energy (100 eV) electrons, the cross-section for electronstimulated desorption (ESD) of H from the Gapolar GaN(0 0 0 1) surface is several orders of magnitude larger than for a Si(1 0 0) or (1 1 1) substrate. The charge and kinetic energy of the desorbing H and the dependence of the desorption rate on incident electron energy, all of which are important in defining the ESD mechanism [33] , are unknown at present, and no corresponding data have been reported for the N-polar surface. It was also found [31] that the reduction in the ESD cross-section upon substituting D for H is only a factor of $3 for H/GaN(0 0 0 1) vs $50 for H/Si(1 0 0). This implies that, in the former case, desorption occurs via a very long-lived excited state and/or that the kinetic energy of the desorbing particle is so high that even the more massive D atom has sufficient velocity to escape before relaxation occurs. This issue is of practical significance because of the possibility of using ESD of H for patterned etching of GaN [34] .
In the present work we will attempt to understand the changes in the electronic structure of the Ga-polar GaN(0 0 0 1) surface in response to a saturation coverage of adsorbed H. An essential first step is to define a model for the H-covered surface that is consistent with the available data. Furthermore, understanding the structure formed by adsorption of H can provide insight into that of the clean surfaces. The focus here will be on surfaces cleaned by ion bombardment and annealing (IBA) following exposure to ambient atmosphere, for which the majority of the available spectroscopic data (UPS, ELS, ISS, etc.) have been obtained. On the other hand, most structural studies, using low-energy electron diffraction (LEED) or scanning tunneling microscopy (STM), have been carried out on samples grown by molecular beam epitaxy (MBE) and maintained in situ. No additional sur-face cleaning, and thus no ion bombardment or high-temperature annealing in ultra-high vacuum (UHV), is needed in this case. The surface structures resulting from the two preparation methods are different, as will be discussed below. Most of the theoretical work 1 on polar surfaces to date [3] [4] [5] [6] [7] [8] [9] [10] [11] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] has addressed primarily the surface energy under MBE or MOCVD growth conditions and/or the stability of the various structures observed in LEED or STM for samples prepared in situ by MBE. Exceptions are the works of Wang et al. [35, 36] and of Strasser et al. [37] which interpret angle-resolved UPS data.
Computational details
Density functional theory (DFT) calculations were performed using the CRYSTAL98 suite of programs [46, 47] and the B3LYP hybrid functional. This approach has been shown to give reasonably accurate band gaps for a wide range of materials [48, 49] and to yield reliable structural results [50, 51] for the bulk and for the clean and adsorbate-covered polar surfaces of wurtzite ZnO, which is isostructural and isoelectronic with GaN. Optimization of basis sets, bulk-lattice constants and adsorbate geometries (see below) was done using the LoptCG script 2 which computes gradients numerically by repeated runs of CRYS-TAL98 and then executes a conjugate gradient procedure to locate the energy minimum.
The all-electron contracted Gaussian basis sets 2 for Ga and N were derived from those used in previous [52, 53] studies of GaN. The Ga basis set consists of 6s + 5p + 2d shells (an 864111/ 64111/41 set), and the exponents of the outermost 3sp and 1d shells were reoptimized (using the B3LYP functional) with Ga in the bulk GaN lat- was used for H, which consists of inner and outer s-shells of three and one Gaussian, respectively, and a single p-shell for polarization. The use of DFT in CRYSTAL98 requires auxiliary Gaussian-type basis sets for fitting the exchange-correlation potential [54] . For Ga and N, these were provided by R. Pandey (personal communication). 4 For H, the standard set of 12 s-functions, with exponents from 0.1 to 2000, was used.
Geometry optimization for the periodic slabmodel surfaces with adsorbates (see below) is computationally intensive. In order to make the problem tractable we have adopted the practice, commonly used in molecular systems, of optimizing the structure at a low level and then determining the properties via a single-point calculation at a high level. In the present case, optimization of the slab-model surfaces was done at the restricted Hartree Fock (RHF) level using Durand-Barthelat effective-core pseudopotentials (ECPÕs) as described by Causà et al. [55] for bulk III-V semiconductors. These are large-core ECPÕs that treat the Ga 3d level as part of the core. The 21G* basis sets for Ga and N were derived from those given [55] for GaP and BN, respectively, with the exponents of the outer sp and d shells reoptimized 1 It should be noted that in some theoretical work the label (0 0 0 1), and not (0 0 0 1), is applied to the N-polar face, and comparisons are made to experimental data for which the surface polarity was not actually determined. Caution is required on the part of the reader to avoid confusion. 2 The LoptCG script and the all-electron Gaussian basis sets were obtained at http://www.crystal.unito.it/. for GaN. The values used were Ga: 0.191 (sp), 0.296 (d) and N: 0.255 (sp), 0.800 (d). As a test, the bulk-lattice constants obtained at the RHF/ ECP level will be compared with those obtained at the B3LYP level using the all-electron basis sets described above. In calculating energies for the various possible adsorbate structures, the RHF/ ECP energies were corrected for electron correlation a postiori [55] using the HF electron density and the Perdew-Wang generalized gradient approximation (PW-GGA) density functional.
Because the wurtzite (0 0 0 1) and (0 0 0 1) surfaces are polar, special procedures were needed to assure self-consistent field (SCF) convergence [56] in the slab-model calculations. For each surface structure (see below) the RHF/ECP geometry optimization began with an SCF calculation using a high degree of Fock mixing (95%) [46] . The resulting Fock matrix was then used as the starting point for another SCF calculation with no Fock mixing, and the converged output from this second SCF was then used to initiate the geometry optimization. In the DFT slabmodel calculations it was not possible to achieve SCF convergence with a Fock mixing of less than 95%.
Results and discussion

Bulk properties
Since this is, to our knowledge, the first DFT treatment of GaN using a hybrid functional, a brief discussion of the results for the bulk will be given.
The wurtzite lattice belongs to space group 186 (P6 3 mc), characterized by lattice constants a and c and by u = b/c where b is the Ga-N bilayer thickness. The bulk electronic structure was treated by first optimizing a, c and u at the B3LYP level with all-electron basis sets, and the resulting parameters are compared with experiment [57] [58] [59] in Table 1 . These values, rather than the experimental quantities, were used in all subsequent calculations for reasons discussed elsewhere [60] . In dealing with surface structures, the RHF/ECP method described above will be used for geometry optimization; hence, Table 1 also gives bulk-lattice parameters obtained by this means. The RHF/ ECP results are seen to be quite close to the more accurate DFT/all-electron values. Fig. 1 compares UPS data [61] , extending from the Fermi level to the Ga 3d shallow core level, with the computed density of states (DOS) for the optimized lattice. The computed band gap, obtained from the energy separation between the valence band maximum (VBM) and the conduction band minimum (CBM) in the DOS, is E g = 4.14 eV vs the experimental value [57] of 3.50 eV at 0 K. As noted elsewhere [48] , the B3LYP functional used here is found to overestimate somewhat the band gaps of several materials. The experimental, angle-integrated spectrum was recorded for an atomically-clean GaN(0 0 0 1) surface in ultra-high vacuum under conditions of high surface sensitivity (hm = 40.8 eV) and high resolution ($0.18 eV). Hence, a band of surface states [61] is seen near the VBM that is absent in the bulk DOS. Neglecting the surface states, the agreement is quite good for the VB. Similarly good agreement has been found in other calculations [62] [63] [64] [65] of the GaN DOS. The Mulliken charge on the Ga (N) atom is +(À)1.955 jej. In the slab calculations described below, these will be taken as benchmark values for determining when a layer is sufficiently far removed from the surface to be considered ''bulklike''. The Ga 3d width and binding energy (BE) differ from experiment. The observed width is affected by the 0.45 eV spin-orbit splitting [66] (typically not resolved for GaN) and by residual disorder which can increase line width through inhomogeneous band bending. For a partially-ionic semiconductor like GaN, zero-point lattice vibration can also significantly affect experimental core-level widths [67] . None of these effects are included in the calculation. Fig. 2 shows the Ga 3d and N 2s DOS in more detail. This part of the DOS has been extensively discussed elsewhere [63] [64] [65] 68, 69] . The near resonance between the Ga 3d and N 2s orbitals in the free atoms leads to covalent mixing which results in bonding and anti-bonding bands, together with non-bonding states which are nearly pure Ga 3d. The bonding character of the different bands is shown [69] in charge density plots. While the nonbonding and anti-bonding bands are easily seen in UPS (Fig. 1) , the bonding band has only recently been observed [70, 71] , in N K-shell X-ray emission spectroscopy (XES). The dipole selection rule requires that states observed in N K-shell XES have a finite N 2p component. Orbital decomposition of the DOS (not shown) did indicate such a contribution and that it was weaker than the N 2s component.
The discrepancy between the DOS and the UPS data, as regards the Ga 3d and N 2s BEÕs, has been explained by Lambrecht et al. [64] in terms of the inability of DFT, with a local and energy-independent exchange-correlation potential, to model single-particle excitations of narrow bands. However, Vogel et al. [72, 73] have shown that the use, within the local density approximation, of self-interaction-and relaxation-corrected pseudopotentials virtually eliminates the disagreement with experiment in the vicinity of the Ga 3d. Similar improvements in the BEÕs for shallow core levels were obtained for a wide range of partially-ionic semiconductors. However, the GaN VB appears to be relatively unaffected by the corrections [73] , and the band gap obtained (4.0 eV) was close to that found in the present work.
The present B3LYP results are in somewhat better agreement with experiment than are previous results which were based on fully ab initio functionals and which also neglected the self-interaction and relaxation corrections. The energy difference between the non-bonding and antibonding bands, about 2.7 eV, is close to the value of $3 eV observed for the ''Ga 3d'' and ''N 2s'' peaks (Fig. 1) 
Adsorption of H 3.2.1. The (2 · 2)H surfaces
The first goal is to determine a structure for the H-adsorbed surfaces that will adequately model the data described above. Many theoretical studies (e.g., Refs. [3] [4] [5] [6] [7] [8] [9] [10] [11] [35] [36] [37] [38] [39] [40] [41] [42] [43] ) have shown that the polar GaN(0 0 0 1) and (0 0 0 1) surfaces, when completely clean and free of defects, are energetically unfavorable in comparison to surfaces with either vacancies or adsorbates. As noted above, either autocompensation via vacancy formation or the presence of adsorbates is needed to satisfy the electron-counting rule. Since the main focus is on Hadsorption, the bare ideally-terminated surfaces are not analyzed here.
We begin with a brief examination of the wellknown [3,6-11] (2 · 2)H surfaces, described above, to see if they are useful for the present purposes. Fig. 3a shows the model for the (0 0 0 1)-and (0 0 0 1)-(2 · 2)H surfaces based on a two-dimensionally-periodic slab comprised of five Ga-N bilayers. Since the present basis sets use localized atomic orbitals, rather than plane waves, periodicity along the surface normal is not needed, and an isolated slab can be used [50, 51] . Previous calculations have used slabs of four [3, 6, 9, 35] , five [8] or eight [39, 41] bilayers, and it will be shown below that a five-bilayer slab is sufficiently thick to isolate the two surfaces from each other. The Ga-H and N-H distances were set at 1.58 and 1.07 Å , respectively, based on the sums of covalent radii of the respective atoms. A Ga-H distance of 1.59 Å was previously found [8] for the optimized (0 0 0 1)-(2 · 2)H structure. In the present work the central (i.e., third) bilayer was essentially bulk-like in that the atom charges were ±1.958 jej, virtually identical to the bulk value, noted above, of 1.955 jej. In contrast, surface Ga (N) atoms bonded to H had charges of +1.80 (À1.60) jej. The H-atom charges were À0.439 jej for Ga-H and +0.322 jej for N-H.
The DOS results (see below) for the (2 · 2)H slab are in qualitative agreement with those described by Fritsch et al. [8] and may be summarized as follows. 5 The Ga-H bonding orbitals on the Ga-polar face are located in a narrow region ($0.5 eV wide) near the VBM. On the N-polar face, the N doubly-occupied non-bonding lonepair orbital produces a narrow level in the gap, just above the VBM, and the N-H bonding orbitals occur near the bottom of the VB over a range of $2.5 eV. In the present case, geometry optimization was not done, but the results concur with those of Fritsch et al. [8] for which such optimization was performed. Adsorbate features are very weak in the partial DOS (PDOS) for the central GaN bilayer. Together with the bulk-like charge densities on the central bilayer (noted above), this supports the conclusion that a five-bilayer slab is sufficiently thick to isolate the two surfaces from each other.
The VB DOSÕs obtained for the simple (0 0 0 1)-(2 · 2)H and (0 0 0 1)-(2 · 2)H surfaces bear little resemblance to UPS data reported to date (see below). The H-induced features seen in UPS on the Ga-polar face [23] are broad and spread essentially across the whole VB. On the N-polar face [26] , there is no evidence for either N-H bonding states near the VB minimum or an N non-bonding lonepair orbital above the VBM. The latter state occurs at $1.4 eV below the VBM on the clean surface [26, 35] and is removed by H adsorption. One is then led to conclude that such (2 · 2)H structures do not adequately represent the experimental surfaces, which have been prepared by IBA followed by exposure to H atoms.
Another model for H adsorption was considered; namely, one involving a Ga-H-Ga bridge in which a three-center, two-electron (3C2E) bond is formed. Such structures are familiar in the chemistry of boranes (B x H y ), and an In-H-In 3C2E bridge has been observed [45] in the chemisorption of H on the In-polar InP(0 0 1) surface. In that case, an In atom on an ideally-terminated surface has two dangling orbitals, each with an effective occupancy of 3/4 jej. Electron counting can then be satisfied by forming a doubly-occupied In-In dimer bond with an In-H-In 3C2E bridge between dimers. However, an analogous structure, with electron-counting requirements fully satisfied, cannot easily form on the GaN surfaces studied here.
Yet another model could be formulated by adding only one H atom to the (2 · 2) unit cell, giving H H = 0.25 ML. Of the resulting four ''surface'' electrons (i.e., three from the surface Ga atoms and one from the H), two would form the Ga-H bond and two would form a doubly-occupied non-bonding lone-pair orbital on one of the other Ga sites. However, this structure violates the electron-counting rule described above and has not been further investigated here.
Models for co-adsorbed Ga and H
If adsorbed H is not directly and solely responsible for stabilizing the polar surfaces, under the conditions of interest here, then other mechanisms must be considered. Based on previous theoretical work [3] [4] [5] [6] [7] [8] [9] [10] [11] [35] [36] [37] [38] [39] [40] [41] [42] [43] , Ga or N adatoms or vacancies are potential candidates. The field can be narrowed by recalling that HREELS data [12, 13] after exposure of the Ga-polar surface to H atoms show only Ga-H vibrations. This argues against a significant concentration of Ga vacancies or N adatoms on this surface, which would be expected to lead to the appearance of N-H modes. The temperature at which air-exposed GaN samples are typically annealed in UHV, as part of the IBA cleaning process, is in the 800-900°C range. This is above the temperature (780°C [75] ) for congruent decomposition of GaN and corresponds to a more rapid loss of N than of Ga. Hence, a reasonable surface model in the present case may involve Ga adatoms remaining from incomplete thermal desorption of the outermost Ga-N bilayer.
Indirect evidence for the possible importance of Ga adatoms in H adsorption comes from HREELS data [15] [16] [17] for H adsorbed on GaN(0 0 0 1) which show (unlike the case for the Ga-polar face [12, 13] ) both Ga-H and N-H stretching modes. Unfortunately, the HREELS resolution (typically $5-10 meV) is not sufficiently high that multiple, distinct Ga-H sites can be easily distinguished on the Ga-polar surface. Further evidence comes from the observation [26] in UPS of a Ga-derived surface state on (0 0 0 1) surfaces prepared by IBA. The state is removed by chemisorption of H.
The adsorption of Ga on the Ga-and N-polar faces has been studied theoretically [3] [4] [5] [6] [7] [8] [9] [10] [11] [35] [36] [37] [38] [39] [40] [41] [42] [43] , mainly for conditions pertaining to MBE growth. For the (0 0 0 1) face under Ga-rich conditions, adsorption of H Ga = 0.25 ML in a (2 · 2) structure leads to a stable surface (henceforth termed ''(2 · 2)Ga'') with the adatom in a T 4 site (directly above an underlayer N atom). This structure is slightly lower in energy than one with the adatom in an H 3 site (directly above a 3-fold hollow in the N underlayer). The T 4 -H 3 energy difference is predicted to be small in comparison to DH ads , the heat of adsorption of H (see below). The three Ga-Ga backbonding orbitals are all doubly-occupied, and the dangling orbitals on the fourth lattice Ga and on the Ga adatom are empty, which satisfies electron-counting requirements.
A (0 0 0 1)-(2 · 2)Ga structure has been reported in STM studies [44, 76, 77] following in situ MBE growth. It has, however, been suggested [76, 78] that this results from a small amount of coadsorbed As impurity, due to previous use of the MBE chamber to grow As compounds. In any case, a well-developed (2 · 2) LEED pattern is not generally seen for surfaces prepared by IBA (Refs. [29, 79] and works cited). Instead a (1 · 1) pattern is found (often accompanied by faceting) which suggests a poorly-ordered surface, possibly with a random array of Ga adatoms. This is different from the pseudo-(1 · 1) adlayer structure, involving two full monolayers of adsorbed Ga, which is seen under Ga-rich MBE conditions [38, 39] . For the IBA (1 · 1) surface, UPS data show no evidence of metallic character in the form of emission at the Fermi level, and a high coverage of Ga-Ga bonds is not detected in surface-sensitive Ga 3d XPS (e.g., Ref. [61] ). For a monolayer of Ga on the GaN surface [80] , the adlayer Ga 3d appears as a distinct shoulder at $1.4 eV lower BE than that of bulk GaN, and a Ga bilayer results in an even larger chemical shift. It has been shown [81, 82] that a (2 · 2) surface (which indicates a Ga-polar face [83] ) can be obtained when air-exposed samples are cleaned by annealing in NH 3 vapor 6 (without ion bombardment); however, another study [84] found only a (1 · 1) surface for a similar treatment.
In the following, we will invoke a (2 · 2)Ga structure as a model for the local environment of a Ga adatom and use this as a starting point for the subsequent adsorption of H. This is based on the theoretical stability of this structure and on the experimental evidence, noted above, for the importance of Ga adatoms. We put aside the question of whether a pure (2 · 2)Ga phase exists, under typical conditions, as a stable, macroscopic entity on the Ga-polar surface. The Ga adatom is initially placed in a T 4 site; however, due to the small T 4 -H 3 energy difference (see below), it is necessary to consider the possibility that H adsorption causes a displacement of the adatom to the H 3 site. It is noted in this regard that the activation barrier for hopping between T 4 and H 3 is calculated [85] to be 0.4 eV.
Adsorption of two H atoms on a (2 · 2)Ga surface leads to structures like that shown in Fig. 3b , which continue to satisfy the electron-counting rule. One of the three Ga-Ga adatom backbonds is broken, and there are then six possible structures as shown in Fig. 4 . Whichever Ga is vacant (i.e., not bonded to H or to the Ga adatom) then exhibits an unoccupied dangling orbital. Including the possibility of T 4 ! H 3 displacement then leads to a total of 12 inequivalent structures. In the following, structures will be labelled ''Ga(T 4 ) + 2H(a)'', etc. to specify the Ga and H sites with reference to Fig. 4 . Finally, in defining the structures in Fig. 4 , no distinction has been made between inequivalent Ga sites 2 and 4 (see Fig. 4a ). Additional unique structures could be formed by moving the adsorbed H from site 4 to site 2 in models (a) and (c). Since these sites are related by an approximate, local mirror plane (not a true mirror plane) we expect these to be energetically equivalent, which will be justified below.
The first step was to obtain the geometries and energies of the H-free (2 · 2)Ga(T 4 ) and Ga(H 3 ) structures. These results are needed in estimating DH ads , and they also serve as a check of the calculational procedure. In either case, the adatom position was optimized while keeping the rest of the slab fixed. The height of the Ga(T 4 ) adatom above the terminating Ga plane was found to be 1. [38] of 1.63 Å . The H 3 site was found to be higher in energy than the T 4 by 0.69 eV per (2 · 2) unit cell based on the RHF/ECP energies after correction for electron correlation as described above. This compares with previous results of 0.6 eV [8] and 0.12 eV [38] . A vanishingly-small energy difference was found in Ref. [85] . In these and in subsequent calculations the N-polar face was ''passivated'' with one Ga adatom per (2 · 2) unit cell in the H 3 site which has been found (e.g., Ref. [8] ) to be the most stable structure for this face at low Ga coverage.
Previous studies of the (0 0 0 1)-(2 · 2)Ga(T 4 ) structure found that the only relaxation of the substrate is a small outward displacement of the outermost Ga layer by 0.13 Å [8] or 0.10 Å [44] , relative to the ideally-terminated position. An even smaller relaxation, 0.05 Å , is found [8] for the (2 · 2)H surface described above. Hence, in the present study, only the Ga and H adatom positions were adjusted in the geometry optimizations.
All six of the Ga(T 4 ) + 2H structures indicated in Fig. 4 were subjected to geometry optimization at the RHF/ECP level. The coordinates of each of the three adsorbed atoms (one Ga plus two H) were optimized while atoms in the slab itself were frozen in the ideal, bulk-lattice positions. For each structure, DH ads (Table 2 ) was obtained using
where E[(2 · 2)Ga(T 4 )] and E[Ga + 2H] are, respectively, the total RHF/ECP energies of the (2 · 2)Ga surface before and after H co-adsorption. Both values were corrected a postiori for electron correlation as described above. E ZP (Ga-H) is the zero-point vibrational energy of an adsorbed H atom, and E[H] is the energy of a free H atom. Based on HREELS data [12, 13] , E ZP (Ga-H) = 0.116 eV. Any H-induced change in the vibrational modes of the slab is neglected in estimating the total E ZP . A value of E[H] = À13.558 eV was found for the present H-atom basis set which is close to the experimental value of À13.606 eV. The DH ads computation uses two H Table 2 Computed heats of adsorption, per (2 · 2) unit cell, for the (2 · 2)Ga + 2H co-adsorbed structures shown in Fig. 4 a The labelling of the structures is described in the text and in Fig. 4 .
b For this structure (referring to Fig. 4c ) the H atom on site 1 is moved to site 3, and the Ga adatom backbonds are to sites 1 and 2. atoms, rather than an H 2 molecule, since the adsorption experiments involve dissociation of H 2 by a hot ($2000 K) tungsten filament. Molecular H 2 is not known to chemisorb readily on the GaN(0 0 0 1) surface at room temperature under UHV conditions.
The results in Table 2 indicate that Ga(T 4 ) + 2H(f) is the most energetically-favorable structure. The optimized interatomic distances are given in Fig. 5a . Various aspects of the results are noteworthy. Firstly, adsorption of H on the Ga adatom is unfavorable in comparison to having both HÕs on lattice Ga sites. Mulliken population analysis (at the RHF/ECP level) shows that the effective charge on the Ga adatom in Ga(T 4 ) + 2H(f) is +0.31 jej; whereas, the charge on the Ga atoms bonded to H is +1.07 jej. Given the H effective charge of about À0.37 jej it is evident that the lattice Ga sites should be favored. Secondly, the virtually identical H ads values for (a) and (d) and for (b) and (e) indicate that, all else being equal, it makes little difference which of the three Ga-Ga backbonds is broken. This supports the approximation, noted above, of treating Ga sites 2 and 4 as being equivalent.
A third point is that the DH ads values are quite large, e.g., 4.2 eV/Ga-H bond for Ga(T 4 ) + 2H(f) vs 4.5 eV for the bond energy in H 2 [86] . Strain in the Ga-Ga backbonds for the H-free (2 · 2)Ga surface probably makes a significant contribution to DH ads . In structures with one H on the adatom the local geometry of the Ga adatom is seen to be nearly planar (Fig. 5b) as expected for 3-fold coordinated Ga in a free molecule [86] . When one of the three backbonds is broken, the adatom is free to relax away from the ideal T 4 position and into this nearly-planar configuration.
The DH ads obtained here is not in good agreement with the experimental value [29] of, at most, 2.44 eV/Ga-H bond which is based on the kinetics of hydrogen release at 700-900°C. However, the configuration of the H-covered surface under such conditions may differ from that in the 0 K limit appropriate to the present calculations. For example, if desorption at P 700°C occurs not from the Ga(T 4 ) + 2H(f) configuration but from the Ga(T 4 ) + 2H(a) as an intermediate state, then a DH ads of about 3.12 eV/Ga-H bond would be expected (cf. Table 2 ), in somewhat better agreement with experiment. Including the thermal excitation of the Ga-H vibrational mode at P 700°C would further reduce the theoretical estimate of the desorption energy.
A final point is that the presence of adsorbed H appears to reduce the T 4 -H 3 energy difference. As noted above, the present RHF/ECP result places the H-free Ga(H 3 ) site 0.69 eV higher than the Ga(T 4 ); whereas, for example, the Ga(H 3 ) + 2H(f) structure lies only 0.40 eV higher than the Ga(T 4 ) + 2H(f). Although the effect of H on the activation barrier for T 4 M H 3 hopping is unknown, the results suggest that co-adsorption of H during MOCVD might possibly promote twodimensional growth by enhancing Ga adatom surface diffusion.
We have also obtained the energy difference, DE, between the Ga(T 4 ) + 2H(f) structure and the (2 · 2)H surface, described above, after optimizing the positions of the three H atoms in the latter unit cell. An optimized Ga-H distance of 1.60 Å was obtained. The energy difference is given by
À EðGaÞ þ EðHÞ Table 2 ), Ga(T 4 ) + 2H(f). For clarity, only the uppermost two Ga-N bilayers are shown. (b) Similar to (a) but for a structure with one H on the Ga adatom, Ga(T 4 ) + 2H(a). The adatom Ga-H bond makes an angle of 7.8°with the adatom Ga-Ga-Ga plane.
where E(Ga) and E(H) are the energies of the respective free atoms obtained for the basis sets used in the slab calculations. The result is DE = À2.5 eV, i.e., the Ga(T 4 ) + 2H(f) is the more stable structure.
3.2.3. Electronic structure of co-adsorbed Ga and H Having determined the most energetically-favorable structure we will now examine its electronic properties using DFT with the B3LYP functional and the all-electron basis sets described above. Figs. 6 and 7 show the valence band UPS difference spectrum, DN(E), for adsorbed H in comparison with the computed PDOS derived from adsorbed H (Fig. 6) and from surface and adatom GaÕs (Fig. 7) . The DN(E) data were obtained [30] by subtracting the clean-surface spectrum from that recorded after H adsorption. The clean-surface spectrum was shifted (to account for a change in band-bending) and scaled so as to minimize the residual Ga 3d intensity in DN(E). As is typical in angle-integrated UPS studies of adsorption on GaN(0 0 0 1) [23, 61, 87] , a ''negative'' feature appears in DN(E) just above the VBM due to removal of surface states characteristic of the clean surface prepared by IBA. Fig. 6b shows the H PDOS for the (2 · 2)H model, described above, which concurs with previous results [6, 8] . As noted above, the H-derived states on the Ga-polar face are concentrated near the VBM, in conflict with the data which show these states to be distributed essentially throughout the whole VB. Much better agreement is found for the Ga(T 4 ) + 2H(f) structure. It is useful to consider why the H PDOS is so different for the two structures. For the Ga(T 4 ) + 2H(f), adsorption may be visualized as occurring in three steps; namely, breaking a Ga-Ga backbond, redistribution of charge to form two singly-occupied Ga dangling orbitals and, finally, formation of two Ga-H bonding orbitals. The intermediate step is a relaxed excited state of the initial structure, and the wavefunction of this state will be a combination of many occupied and virtual orbitals of the ground state. This is reflected in the spread of the H contribution over a wide energy range in the final adsorbed state. For the (2 · 2)H, on the other hand, the ground state of the (hypothetical) bare (2 · 2) surface unit cell already exhibits occupied Ga dangling orbitals, and no extensive mixing of occupied and virtual orbitals is needed to ''prepare'' the surface for adsorption. Fig. 7b shows two Ga-derived surface states on the H-free surface. State S 1 lies below the VBM and is localized largely on the adatom. State S 2 , which is derived from adatom Ga-Ga backbonds, lies in the gap at $1.2 eV higher energy than the experimentally-observed surface state. These results are qualitatively consistent with those of Fritsch et al. [8] which is, to our knowledge, the only previous work to present surface-state bands specifically for the (0 0 0 1)-(2 · 2)Ga(T 4 ) structure. 5 Their results show an S 1 state (comprised of adatom s-orbitals) lying slightly above the VBM and an S 2 adatom backbonding state lying somewhat farther into the gap. In the present work, adsorption of H (Fig. 7c ) strongly attenuates and/or broadens S 1 . The S 2 state shifts and broadens slightly in response to H and decreases in intensity when one of the three adatom backbonds is broken. However, S 2 is not completely eliminated by H adsorption which is an apparent discrepancy with experiment [25] .
Comparison can also be made to the angleresolved UPS results of Chao et al. [25] . These were obtained for a sample of unspecified polarity which, however, was grown by MOCVD on a Sipolar 6H-SiC(0 0 0 1) surface and which we thus assume to be Ga-polar. Two non-dispersive, Hsensitive states were observed at or just below the VBM on the clean surface which could correspond to S 1 and S 2 . A third, highly-dispersive surface state was also observed which is not found in the present calculations. On the N-polar face, a similar highly-dispersive surface state [26] has been interpreted [35] in terms of a (1 · 1) Ga adlayer with interacting Ga dangling orbitals. Such a structure is not included in the present model. Also, no Hinduced features were observed by Chao et al. [25] ; however, DN(E) spectra were not presented, which could mean that the very broad and nearly-structureless emission due to Ga-H orbitals was overlooked.
Summary and conclusions
Ab initio computational methods have been applied to the adsorption of H on the GaN(0 0 0 1) surface. The results are as follows.
(1) Density functional theory with the B3LYP hybrid functional gives a good description of the bulk lattice and electronic structure of wurtzite GaN. In particular, the results for the hybridization of the Ga 3d and N 2s levels is in somewhat better agreement with experiment than are previous results using other functionals. The model developed here provides a reasonably good description of the UPS data for IBA sur-faces with adsorbed H and is consistent with other results suggesting the presence of Ga adatoms on H-free surfaces prepared by IBA. Although the model provides a starting point for understanding the unusually large ESD cross-section for H/ GaN(0 0 0 1), it has not yet provided any direct insight into the mechanism for this effect. For example, evidence was looked for (but not found) to suggest a significantly higher degree of Ga-H vs Ga-N bond covalency. Such an effect, were it to exist, would enhance the rate for Auger decay of a Ga 3d core hole via a process involving one or both electrons in the Ga-H bond, relative to decay through an interatomic process involving the N nearest-neighbors in the partially-ionic GaN lattice.
